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The candidate magnetoelectric PbsMnyOis has a structure consisting of 1/3 filled Kagome lay- 
ers linked by ribbons of edge-sharing octahedra in the stacking direction. Previous reports have 
indicated a complex hexagonal-orthorhombic structural transition upon cooling through ~ 335 K, 
although its origins are uncertain. Here both structures are revisited using a combination of neutron 
and synchrotron X-ray diffraction data. Large shifts of oxygen positions are detected which show 
that the interlayer sites and those which occupy voids in the kagome lattice are trivially charge 
ordered in both phases. The symmetry breaking is found to occur due to Mn 3+ orbital ordering on 
the ribbon sites and charge ordering of the sub-set of layer sites which make up a Kagome network. 

PACS numbers: 75.50-y, 75.25.Dk 



I. INTRODUCTION 

Transition metal oxides with spin, charge and orbital 
degeneracies often undergo symmetry breaking transi- 
tions on cooling 1 . Especially complex examples occur 
when geometrical frustration hinders the long range or- 
dering of one (or more) of these order parameters. This 
can lead to the emergence of technologically useful prop- 
erties, for example the multiferroic behaviour found in 
the REMn 2 5 (RE=Y-Lu) materials-'. Particularly rich 
behaviour is found in materials containing cations with 
lone pairs of electrons, such as Pb 2+ or Bi 3+ . The Pb- 
Mn-0 system is a case in point, with Pb2MnC>4 predicted 
to show piezoelectricity and piezomagnetism 3 , and dielec- 
tric anomalies^ discovered in PbaMnrOis. The latter 
is of special interest, as this material is mixed- valence 
and quasi-layered (Fig. 1), with 1/3 filled Kagome lay- 
ers connected by ribbons of edge-sharing Mn0 6 octahe- 
dra and intercalated Pb 2+ cations. The exact crystal 
structure has been the subject of dispute for many years, 
and was originally reported as orthorhombic [Cmdl\ or 
Cmcm) then revised to hexagonal (PQ^/mcm) by sin- 
gle crystal X-ray diffraction^ 7 . A breakthrough was 
made in 2009 by Rasch et al who used powder syn- 
chrotron X-ray diffraction to confirm an orthorhombic 
metric and detect weak superstructure reflections that 
break the C-centring of the ortho-hexagonal y/3.a x a x 
c unit celP. Note that in the Pnma setting the axes 
are interchanged such that the layers are stacked in the 
[100] direction, rather than in the [001] direction found 
in previous works. A structural phase transition to a 
hexagonal metric has additionally been shown to occur 
on warming above room temp erature^. However, while 
investigations of magnet id 10 * 11 1, thermal and dielectric 
properties^ have continued apace, there is as yet no con- 
sensus on the electronic factors which drive the P63 / mem 
to Pnma phase transition. This is because of the great 
complexity of the Pnma structure, which contains 30 in- 
dependent sites with 76 positional variables in a unit cell 
with V ~ 2300 A 3 . Moreover, the detection of possible 
charge or orbital ordering relies upon accurate and pre- 
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FIG. 1: (color online) a) Edge sharing MnOe layers in 
PGs/mcm PbsMnrOis projected down [001]; b) Structure of 
Pb3Mn70i5 projected down [110], MnOe octahedra and the 
associated oxygen atoms are shown, while Pb 2+ cations are 
represented by grey spheres. 



cise measurements of oxygen displacements. This is ex- 
tremely challenging by X-ray diffraction due to the pres- 
ence of heavy elements. Meanwhile, it has recently been 
reported that the related material Pb 3 Rh70i5 undergoes 
a resistive transition on cooling below 1 85 K , which is 
proposed to occur due to charge ordering * 13 ! 14 !. This un- 
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derscores the importance of determining the relationship 
between electronic degrees of freedom and crystal struc- 
ture in this emerging class of materials. 
Here a comprehensive re-investigation of the structure of 
Pb3Mn70i5 by combined Rietveld refinement!^ against 
synchrotron X-ray and multiple wavelength neutron pow- 
der diffraction is reported. This complementary use of 
techniques is particularly suitable to charge and orbital 
ordering problems, where microtwinning, extinction, and 
multiple scattering, as well as s ubtle lattice distortions, 
hinder single crystal approache d 16 * 17 !. The results re- 
ported here confirm the space groups proposed at room 
temperature and above, however, shifts of oxygen posi- 
tions of up to 0.15 A are found. The new structural mod- 
els show that the phase transition is driven by charge and 
orbital order, providing a first insight into the electronic 
correlations in this complex material. 



II. EXPERIMENTAL 

Polycrystalline Pb 3 Mn70i5 was synthesised from PbO 
(99.999%, Aldrich) and Mn 2 3 (99.999%, Aldrich). Sto- 
ichiometric quantities of the reagents were intimately 
ground, pelleted and reacted under air for a total of four 
days at 830 °C with several intermediate regrinds. After 
each stage in the synthesis process the sample was cooled 
over several hours at a rate of 20°C/hour to 500 °C 
then the furnace was switched off. Synchrotron powder 
X- ray diffraction profiles were collected with the crys- 
tal analyser diffractometer ID31 at the ESRF, Grenoble, 
France. The wavelength of 0.45621(1) A was calibrated 
using NIST standard silicon powder. The sample was 
held in a 0.2 mm borosilicate capillary and rotated to 
minimise preferred orientation. Data were collected for 
several hours at room temperature and more rapidly on 
cooling with a helium flow cryostat. Neutron powder 
diffraction profiles were collected with the E9 high res- 
olution diffractometer at the Helmholtz-Zentrum Berlin, 
Germany. The sample was placed in a vanadium can of 
6 mm diameter and data collected at room temperature 
and at 510 K with the aid of a cryofurnace. At 298 and 
510 K, a wavelength of 2.806 A was selected with the 
(311) reflection of the germanium monochromator and 
data collected for 36 hours. Data were also collected for 
a further 24 hours at room temperature after selecting 
a wavelength of 1.79 A with the (511) monochromator 
reflection. The primary 10" collimator was inserted for 
all data sets to optimise resolution. Rietveld refinements 
of structural models against the X-ray and neutron data 
were performed using the GSAS suite of programs with 
the EXPGUI interfawPHH. The peak shapes for all data 
were modelled with a pseudo-Voigt peak profile function 
with the asymmetry correction of Finger et aP^l. For the 
synchrotron X-ray data, for which the resolution reaches 
A d/d lxl0~ 5 , an hkl dependent Lorentzian broadening 
function was used. The wavelengths used for the neutron 
diffraction histograms were refined and the (calibrated) 
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FIG. 2: (color online) a) Temperature dependence of the b/c 
ratio for Pk>3Mn70i5 from neutron powder diffraction and 
synchrotron X-ray powder diffraction. The line is a power 
law fit used to estimate the transition to a metrically hexag- 
onal cell, b) Neutron powder diffraction data at 298 and 510 
K showing the (220)hex peak for PbsMnyOis, and the or- 
thorhombic splitting at 298 K. c) Observed, calculated and 
difference plots for the Rietveld fit of the P63 /mem structure 
to the 2.8 A neutron powder diffraction profile of PbaM^Ois 
at 510 K. Reflection positions are marked by vertical bars. 



X-ray wavelength held fixed. Crystal structures were vi- 
sualised, and bond valence sums calculated, using the 
VESTA software packageP. 



III. RESULTS 

All of the diffraction data collected at room temper- 
ature and below were consistent with the orthorhombic 
cell proposed by Rasch et al. However, the tempera- 
ture dependence of the refined lattice parameters sug- 
gests that Pb 3 Mn70i5 is close to a structural phase tran- 
sition. As shown in Fig. 2a, the b/c ratio approaches \f?> 
on warming, and at 298 K, the cell is pseudo-hexagonal. 
This explains previous anomalous reports of hexagonal 
symmetry by laboratory X-ray single crystal diffraction, 
which typically has a lower angular resolution than the 
powder instruments used here. By fitting a power law, a 
transition temperature to a metrically hexagonal cell was 
estimated to occur at ^335 K. The structure of this phase 
was investigated using data collected on E9, well above 
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TABLE I: Refined atomic coordinates PbsMn70i5 at 510 
K from Rietveld refinement of powder neutron diffraction 
data. Displacement parameters were constrained to be 
equal for each species and were Pb:0. 019(2), Mn:0. 005(3) 
and 0:0.027(4) A 2 . The refined lattice parameters were 



a=9. 9839(3) and c=13. 5620(4) A. 


Atom 


X 


y 


z 


Pb(l) 


0.6122(7) 


0.6122(7) 


3/4 


Pb(2) 


0.2642(8) 


0.2642(8) 


3/4 


Mn(l) 


0.8331(9) 


0.1669(9) 


3/4 


Mn(2) 


1/3 


2/3 


0.1445(13) 


Mn(3) 


1/2 


1/2 


1/2 


Mn(4) 











0(1) 


0.4875(7) 


0.3313(7) 


0.0779(4) 


0(2) 


0.5231(11) 


0.1727(10) 


1/4 


0(3) 


0.8344(7) 


0.8344(7) 


0.9256(6) 


0(4) 


0.6689(8) 


0.6689(8) 


0.0758(8) 



this estimate, at 510 K. This data set does not show any 
peak splitting that would suggest orthorhombic symme- 
try (Fig. 2b) and was indexed with a hexagonal cell with 
a = 9.98 A and c = 13.56 A. A Rietveld fit of the 
hexagonal PQ^/mcm structure proposed for Pb3Rh70i5 
was performed, and rapidly converg ed with x 2 = 2.59, 
R wp — 0.063 and R p — 0.048. No evidence for impuri- 
ties, or oxygen deficiency was seen. The observed, calcu- 
lated and difference profiles are shown in Fig. 2c. The 
refined cell parameters, atomic coordinates and displace- 
ment parameters are shown in Table I. These results are 
similar to those reportecP very recently by Volkov et al 
for Pb3Mn70i5 at 573 K. However, comparison of their 
coordinates (derived from XRD) to the neutron data gave 
a markedly worse fit after refinement of cell parameters, 
peak shape and displacement parameters (\ 2 = 3.26). 
The main differences between the two models were found 
to be small changes in the oxygen parameters due to the 
greater sensitivity of neutron diffraction to light atoms. 
At room temperature, the very high resolution syn- 
chrotron powder diffraction confirmed that the unit cell 
is orthorhombic, and this distortion was also clearly re- 
solved in both neutron powder diffraction data sets (Fig. 
3). The systematic absences confirm that the space group 
is Pnma or Pril\a. The reflections in the class (k + I) 
— odd, which rule out A-centring are extremely weak, of 
the order of 0.5 % of the largest reflection in the X-ray 
data, but significantly stronger in the neutron powder 
diffraction profiles. This again indicates the importance 
of oxygen displacements. A trial Le Bail refinement was 
performed of the profile variables, zero shifts and neu- 
tron wavelengths then intensities were calculated using 
the model of Rasch et al. With only the scale factors, 
peak shapes and background functions varied, this re- 
finement converged with \ 2 = 3.74. The residuals for 
the X-ray histogram were K wp = 9.43 and R p = 7.44 %. 
For the 2.8 A neutron histogram, R„ lp = 7.68 and Rp — 
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FIG. 3: (color online) Observed, calculated and difference 
profiles for the combined Rietveld fit of the Pnma structure of 
Pb3Mn70i5to the room temperature data. The data sets are 
a) the high resolution synchrotron X-ray and b,c) the neutron 
powder diffraction profiles of PbalVh^Ois. The position of 
reflections are given by the vertical bars. 



5.6 %. On varying the atomic positions and displacement 
factors for each atomic species, the refinement converged 
with x 2 = 3.1 and the residuals improved to K wp = 8.89, 
R p = 6.88 for the X-ray histogram and K wp — 5.0 and 
R p = 3.8 for the 2.8 A neutron histogram. The excellent 
quality of the fit makes non-centrosymmetric distortions 
to a Pn2\a structure unlikely. The major changes are 
shifts of between 0.1 and 0.15 A for five of the oxygen 
positions, as detailed in Table II. The final refined model 
allows the proposition of charge and orbital order as dis- 
cussed below. 
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TABLE II: Refined atomic coordinates and displacement parameters for PbaMnrOis at 298 K from combined Rietveld refine- 
ment of powder neutron and synchrotron X-ray diffraction data. The displacement parameters were constrained to be equal 
for the oxygen positions. The refined lattice parameters were a= 13.54163(3), 6=17.22371(4) and c=9.99437(2) A. 



Atom 


X 


y 


z 




PB(1) 


0.24957(10) 


0.44377(5) 


0.43936(9) 


0.0163(22) 


PB(2) 


0.25743(8) 


0.11848(5) 


0.11077(8) 


0.00898(22) 


PB(3) 


0.77115(10) 


0.25 


0.98986(12) 


0.0736(35) 


PB(4) 


0.75915(11) 


0.25 


0.64518(12) 


0.0908(34) 


Mn(l) 


0.00393(35) 


0.08244(19) 


0.2444(6) 


0.0043(9) 


Mn(2) 


0.00820(25) 


0.33341(23) 


0.4980(5) 


0.0013(10) 


Mn(3) 


0.51019(25) 


0.16533(24) 


0.5108(5) 


0.0024(10) 


Mn(4) 


0.15265(26) 


0.41664(28) 


0.7415(5) 


0.0041(11) 


Mn(5) 


0.35704(25) 


0.08242(26) 


0.7479(5) 


0.001(1) 


Mn(6) 











0.0038(14) 


Mn(7) 








0.5 


0.0024(14) 


Mn(8) 


0.5099(5) 


0.25 


0.7586(8) 


0.0041(13) 


Mn(9) 


0.5092(4) 


0.25 


0.2545(9) 


0.0045(11) 


0(1) 


0.0786(8) 


0.4965(7) 


0.3310(13) 


0.0075(4) 


0(2) 


0.4224(8) 


0.0083(7) 


0.3431(12) 


0.0075(4) 


0(3) 


0.2605(8) 


0.5083(5) 


0.1530(7) 


0.0075(4) 


0(4) 


0.9344(8) 


0.3279(6) 


0.6542(10) 


0.0075(4) 


0(5) 


0.5916(8) 


0.1706(6) 


0.6731(11) 


0.0075(4) 


0(6) 


0.9404(11) 


0.25 


0.4150(15) 


0.0075(4) 


0(7) 


0.5815(12) 


0.25 


0.4131(16) 


0.0075(4) 


0(8) 


0.4421(12) 


0.25 


0.5945(15) 


0.0075(4) 


0(9) 


0.0884(11) 


0.25 


0.5737(15) 


0.0075(4) 


0(10) 


0.9144(9) 


0.5854(7) 


0.4294(12) 


0.0075(4) 


0(H) 


0.5766(9) 


0.9154(7) 


0.4209(12) 


0.0075(4) 


0(12) 


0.0781(7) 


0.3310(7) 


0.3284(13) 


0.0075(4) 


0(13) 


0.4329(7) 


0.1664(7) 


0.3333(13) 


0.0075(4) 


0(14) 


0.2326(8) 


0.6625(5) 


0.1788(8) 


0.0075(4) 


0(15) 


0.2485(10) 


0.9239(4) 


0.3898(7) 


0.0075(4) 


0(16) 


0.9337(8) 


0.4142(6) 


0.4155(12) 


0.0075(4) 


0(17) 


0.5791(8) 


0.0809(6) 


0.4309(12) 


0.0075(4) 



TABLE III: Manganese site splittings, distortions (xlO 2 ), and bond valence sum comparison for the 510 K P6 3 /mcm and 298 
K Pnma phases of PbaMnyOir,. 



P '63 /mem 


Site 


Distortion 


BVS 


Pnma 


Site 


Distortion 


BVS 


Mn(l) 


111 


1.26 


3.84 


Mn(l) 


8d 


2.24 


3.63 










Mn(2) 


8d 


1.4 


4.00 










Mn(3) 


8d 


2.24 


3.45 


Mn(2) 


8h 


2.12 


2.9 


Mn(4) 


8d 


4.3 


3.06 










Mn(5) 


8d 


5.02 


3.04 


Mn(3) 


6/ 


0.69 


3.74 


Mn(6) 


4a 


1.5 


3.95 










Mn(7) 


46 


1.68 


3.35 










Mn(8) 


4c 


1.89 


3.79 


Mn(4) 


26 





3.9 


Mn(9) 


4c 


1.8 


4.05 



5 




b 298 K 

Mn(4) 




Mn(5) * 



1.912(13) 
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FIG. 4: (color online) a) Local structure around the interlayer 
dimer sites in the 510 K PQ^/mcm (left) and 298 K Prima 
(right) phases of PbaMnyOis. The mirror plane present at 
510 K is shown by a dashed line; b) View down [OOlhex] of 
the interlayer dimer sites highlighting the three-fold rotation 
axis found in the 510 K structure and its absence at 298 K; 
c) Schematic of the crystal field splitting of the e g and t2 g 
d-orbitals found for a Mn 3+ cation in both cases. 



Vi = exp{R - Ri/b) 



Here Rq is a tabulated value specific to the type of bond 
and the metal oxidation state, and b is an empirical 
constant of value 0.37 A. The site valence is the sum of 
the individual bond valences in the first coordination 
sphere. To ensure an unbiased result, bond valences for 
each site were calculated using i?o values for both Mn 3+ 
and Mn 4+ cations, then averaged. This procedure was 
performed for both phases, yielding the results given in 
Table III, which also shows the relationship between the 
inequivalent sites in both structures. 
Turning first to the high temperature P&^/mcm phase, 
the single crystallographic Mn site in the ribbons 
between the planes, Mn(2), shows a bond valence sum of 
2.9. Furthermore, Mn(4), which is the site that occupies 
1/3 of the holes in the Kagome layers, also shows a well 
defined bond valence sum of 3.9. The only sites that 
are mixed valence are those which make up the Kagome 
lattice itself, lying in the range 3.74 - 3.84. These results 
show that the hexagonal phase of Pb 3 MnyOi5 should be 
described as only trivially charge ordered, as the sites 
which show a significant departure from the expected 
average bond valence sum value are in very chemically 
differerent environments. This is similar to the situation 
found in the multifcrroic ii-EMn^Os materials, which 
also have layers of Mn 4+ cations linked by Mn 3+ sites. 
Much of the interesting physics associated with mixed 
valence manganite materials, occurs due to cooperative 
orbital ordering of degenerate Mn 3+ e 4 electrons. In 
order to search for possible Jahn- Teller distortions in 
both phases, a distortion parameter^ was calculated 
for each site as follows: 



D 



IV. DISCUSSION 

Previous attempts to estimate the degree of charge 
separation in PbaMnyOis have suffered from an in- 
sensitivity to oxygen displacements or averaging due 
to twinning in single crystal experiments. In contrast, 
the combined X-ray and neutron powder diffraction 
refinement reported here suffers from neither problem 
and precise atomic positions can be extracted. This is 
important as both charge and orbital order are evidenced 
by small shifts of anions in the first coordination sphere. 
Bond valence calculations^! were performed using the 
experimental coordinates as follows. The individual 
bond valences (V*) are calculated using the observed 
bond lengths (Ri): 



Here Lj are the individual Mn-0 bond lengths and 1 „ 
is the average Mn-0 bond length in each octahedron. 
All of the manganese sites were found to be highly 
symmetric at 510 K, with distortion parameters falling 
between and 2.12xl0 -2 . This is especially notable for 
the interlayer Mn 3+ dimer, which is highly regular due 
to the presence of a mirror plane and three fold site 
symmetry in the PG^/mcm space group (Figs. 4a and 
4b). Finally, the refined Mn-Mn distances in the 1/3 
filled Kagome layers are shown in Fig. 5a. This distance 
is found to be slightly larger around Mn(4) (2.907(5) 
A) , which is as expected due to the higher formal charge 
inferred from the bond valence sums for this site. The 
Mn-Mn distance in the rest of the layer is slightly shorter 
(2.870(5) A) and highly regular by symmetry, which 
implies frustration of spin, charge and orbital degrees of 
freedom as discussed in more detail below. 
Turning now to the room temperature structure, and 
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FIG. 5: (color online) a) Network of Mn-Mn interlayer distances found in the PSs/mcm phase of Vh^A^On&t 510 K. The 
three crystallographically independent Mn sites are indicated according to the results shown in Table III. In both panels sites 
unambiguously identified as Mn 4+ by bond valence sums are light green. Sites of intermediate valence are dark blue.; b) 
Network of Mn-Mn interlayer distances found in the 298 K Prima phase of PbaMnyOis. Note that the axes are related to the 
PQi,/mcm phase by V3.a x a x c. The seven distinct Mn sites are indicated as before. Here the colour coded bonds represent 
the variation from the average Mn-Mn distance of 2.886 A, as shown in the histogram in panel c). 



in particular the splitting of manganese sites shown in 
Table III, it is instructive to begin with those sites which 
change least. The site at the centre of the 'stars' in the 
layers, Mn(4), does not split. Furthermore, the extracted 
bond valence sum for the equivalent site in the Pnma 
structure, Mn(9), shows that no charge re-distribution 
has occurred (4.05). The site distortion (which was zero 
by symmetry in the high temperature structure) also 
remains small (1.8xl0 -2 ). A similar picture, as regards 
charge degrees of freedom, is found for the Mn sites 
which occupy the interlayer dimers. These are split into 
two sites (Mn(4) and Mn(5)), both of which show bond 
valence sums very close to 3+ (3.06 and 3.04 respec- 
tively). However, these sites show a dramatic increase 
in site distortion (4.3 and 5.02xl0~ 2 ), which is evidence 
for a lifting of e x g orbital degeneracy. This is supported 
by the refined Mn-0 bond distances shown in Figs. 4b 
and 4b. Both sites show an elongation imposed upon 
the intrinsic trigonal distortiorPn For example, Mn(4) 
has two long Mn-0 bonds (2.135(13) and 2.160(11) A) 
and a group of four shorter bonds in the range 1.935(13) 
- 2.001(11) A. The corresponding change in the energy 
of the ei-orbitals is shown schematically in Fig. 4c, and 
can be seen to be similar to that seen in classic orbital 
ordering examples^ such as LaMnC>3, where the dz 2 
orbital is preferentially occupied. This electronically 
driven effect breaks the three fold symmetry found on 



these sites and lowers the crystallographic symmetry to 
orthorhombic. 

Subtle metal displacements are also found in the Pnma 
structure, as shown in Fig. 5b. This is reminiscent of 
other spin or charge frustrated systems which undergo 
long-range order. These distortions help to select a 
single groundstate configuration out of the degenerate 
manifold of states. In spinel structured materials, such 
as CU11-2S4 or Fe 3 04 for example, metal positions shift 
such that octamers^ or trimers^ are found. In the 
present case, the most clearly seen effect is an expansion 
around the Mn 4+ sites which occupy the holes in the 
Kagome lattice. As these sites do not split, or change 
in oxidation state upon cooling to room temperature, 
this may indicate a decoupling of the mixed-valence 
sites which make up the Kagome network (Fig. la). 
This interpretation is in accordance with the results 
shown in Table III, as these two sites are found to split 
into a total of six in the Pnma phase. For each site, 
a splitting into one site of close to Mn 4+ valence is 
found (Mn(2)) and Mn(6)) and one with a valence closer 
to Mn 3+ (Mn(3) and Mn(7)). The third site in each 
case shows a bond valence almost unchanged from the 
high temperature value. The Kagome layers are thus 
segregated into three equally populate types of sites as 
shown in Fig. 6. Notably, none of these sites shows 
an increased distortion, showing that orbital degrees of 
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FIG. 6: (color online) Three-fold charge ordering on the sites 
which make up the Kagome layers in the Pnma structure 
at room temperature. Sites which are charge rich are defined 
as those with bond valence sums > 3.9 and sites which are 
charge poor are defined as those which have BVS's < 3.45. 
Unchanged sites have BVS's in the range 3.63 to 3.79. 



freedom are still frustrated at room temperature. The 
charge order over these sites explains why A-centring is 
lost in the room temperature structure as the sites at 
(000) and (0,1/2,1/2) are no longer crystallographically 
related. 

The three-fold charge order found here (Fig. 6) is 
different to t hat s een in materials with frustrated trian- 
gular latticed 221221 such as AgNi0 2 or LuFe 2 4 . These 
materials show a 2:1 ratio of charge rich and poor sites, 
which may support a (anti)-ferroelectric polarisation^. 
Although spin models showing three-sublattice order 
have been widely studied on the Kagome lattice^, the 
arrangement found here does not match any of the 
commonly found groundstates such as the Q=0 or \/3 
x y3 structures. This may be an indication of the 
importance of longer range interactions which these 



models do not capture, or might indicate a role for the 
remaining frustrated orbital degrees of freedom or the 
Mn 4+ sites which partially occupy the voids. 

Finally, the partial charge and orbital ordering 
determined in this work for PbaMnyOis at room tem- 
perature has implications for the physical properties, 
in particular the dielectric constant measurements 
reported elsewhere. The charge ordering pattern does 
not support either a ferroelectric or anti-ferroelectric 
polarisation. The peak in dielectric constant which 
appears around 150 K is therefore probably related 
to some as yet unknown structural rearrangement 
which occurs below room temperature. This is in 
keeping with reports of a small specific heat anomaljff 2 ' 
and a change in slope of resistivity around 250 K. 
Further detailed measurements using a combination 
of X-ray and neutron diffraction measurements, and 
investigations of the spin order at low temperatures 
will help to shed more light on this postulated transition. 



V. CONCLUSIONS 

In summary, the above results resolve a long standing 
structural question, the origins of the extremely complex 
distortions found in Pb3MnyOi5 at room temperature. 
In sharp contrast to previous studie d 5 " 10 !, bond valence 
sums and distortions of the local coordination environ- 
ment around the Mn cations show a charge and orbital 
ordering occurs between 510 and 298 K. However, several 
sites are trivially charge ordered at all temperatures, 
and the only sites which split in the edge sharing layers 
are those which make up a Kagome network. 

This work was partially performed during an EPSRC 
studentship at the University of Edinburgh, and in the 
Novel Materials group at the Helmholtz-Zentrum Berlin. 
J. P. Attfield and D.N. Argyriou are thanked respectively 
for training, advice and encouragement. A.N. Fitch, 
J.W.G. Bos and P.F. Henry are thanked for assistance 
with the diffraction measurements. ESRF and HZB are 
acknowledged for the award of beam time. 



* Email of corresponding author: kimber@esrf.fr 

1 J. P. Attfield, Solid State Sciences, 8, 861 (2006). 

2 L.C. Chapon, G.R. Blake, M.J. Gutmann S. Park N. Hur 
P.G. Radaelli S.W. Cheong Phys. Rev. Lett. 93, 177402 
(2004). 

3 S.A.J. Kimber, JR. Attfield, J. Mat. Chem., 17, 4885 
(2007). 

4 N.V. Volkov, E.V. Eremin, K.A. Sablina, N.V. Sapranova, 
J. Phys. Cond. Mat. 22, 375901 (2010). 

5 P.B. Darriet, M. Devallete, B. Latourrette, Acta. Cryst. 
B 34, 3528 (1978). 

6 R.E. Marsh, F.H. Herbstein, Acta. Cryst. B 39, 280 



(1983). 

7 Y. Le Page, L.D. Calvert, Acta. Cryst. C 40, 1787 (1984). 

8 J.C.E. Rasch, D.V. Sheptyakov, J. Schefer, L. Keller, M. 
Boehm, F. Gozzo, N.V. Volkov, K.A. Sablina, G.A. Pe- 
trakovskii, H. Grimmer, K. Conder, J.F. Lofner, J. Solid 
State Chem., 182, 1188 (2009). 

9 N.V. Volkov, L.A. Solovyov, E.V. Eremin, K.A. 
Sablina, S.V. Misjul, M.S. Molokeev, A.I. Zaitsev, M.V. 
Gorev, A.F. Bovina, N.V. Mihashenok, Physica B, 
doi:10.1016/j.physb.2011.11.058 (2011). 

N.V. Volkov, K.A. Sablina, O.A. Bayukov, E.V. Eremin, 
G.A.Petrakovskii, D.A. Velikanov, A.D. Balaev, A.F. Bov- 



8 



ina, P. Boni, E. Clementyev, J.Phys. Cond. Matter, 20, 
055217 (2008). 

11 S.S. Aplesnin, A.I Moskvin, Physics of the Solid State 51, 
767 (2009). 

12 N.V. Volkov, K.A. Sablina, E.V. Eremin, P. Boni, V.R. 
Shah, I.N. Flerov, A. Kartashev, J.C.E. Rasch, M. Boehm, 
J. Schefer, J.Phys. Cond. Matter, 20, 445214 (2008). 

13 H. Mizoguchi, A.P. Ramirez, T. Siegrist, L.N. Zakharov, 
A.W. Sleight, M.A. Subramanian, Chem. Mater. 21, 2300 
(2009). 

14 A.J. Gatimu, H. Mizoguchi, A.W. Sleight, M.A. Subrama- 
nian, J. Solid State Chem. 183, 866 (2010). 

15 J. P. Attfield, J. Res. Natl. Inst. Stand. Technol., 109, 99 
(2004). 

16 J.P Wright, J.P Attfield, PC. Radaclli, Phys. Rev. B, 66, 
214422 (2002). 

17 R.J. Goff, J.P. Attfield, Phys. Rev. B, 70, 140404 (2004). 

18 A. Larson and R. V. Dreele, General Structure Analysis 
System (GSAS), Los Alamos National Laboratory Report 
LAUR 86-748 (1994), 

19 B.H Toby, J. Appl. Cryst., 34, 210 (2001). 

20 L.W. Finger, D.E. Cox, A.P. Jephcoat, J. Appl. Cryst., 
34, 210 (2001). 



K. Momma, F Izumi, J. Appl. Cryst., 41, 653 (2008). 
I.D. Brown, D. Altermatt, Acta. Cryst. B, 41, 244 (1985). 
W.H. Baur, Acta. Cryst. B, 30, 1195 (1974). 
S.A.J. Kimber, M. Senn, S. Fratini, H. Wu, A.H. Hill, 
P. Manuel, J.P. Attfield, D.N. Argyriou, P.F. Henry, 
arXiv:1109.1260 (2011). 

J.B. Goodenough, Phys. Rev., 100, 564 (1955). 
P.G. Radaelli, M.J. Gutmann, H. Ishibashi, C.H. Chen, 
R.M. Ibberson, Y. Koyama, Y-S. Hor, V. Kiryukhin, S.W. 
Cheong, Nature 416, 6877 (2002). 

M. Senn, J.P. Wright, J.P. Attfield, Nature 481, 7380 
(2011). 

E. Wawrzyflska, R. Coldea, E. Wheeler, I.I. Mazin, M.D. 
Johannes, T. Sorgel, M. Jansen, R.M. Ibberson, P.G. 
Radaelli, Phys. Rev. Lett. 99, 157204 (2007). 
N. Ikeda, H. Ohsumi, K. Ohwada, K. Ishii, T. Inami, K. 
Kakurai, Y. Murakami, K. Yoshii, S. Mori, Y. Horibe, H. 
Kito, Nature 436, 1136 (2005). 

A.S. Wills, A. Harrison, C. Ritter, R.I. Smith, Phys. Rev. 
B 61, 6156 (2000). 

J. van den Brink, D.I. Khomskii, J. Phys. Cond. Mat. 20, 
434217 (2008). 



